Pseudomonas putida strain AK5 was the first characterized natural strain containing the 'classical' nah1 operon and nahR gene along with genes whose products are responsible for the less explored pathway of salicylate degradation through gentisate (the sgp operon). The sgp operon was found to be preceded by the divergently directed sgpR gene. The amino acid sequence of the sgpR product qualifies it as a LysR-type transcriptional regulator (LTTR) and suggests its potential function as an sgp operon transcriptional regulator. This study focused on verification of SgpR's involvement in regulation of transcription of the operon genes and characterization of its interaction with the sgp promoter. We determined the transcription start for sgpAIKGHB and identified the SgpR binding site. The equilibrium dissociation constant (K D ) of the SgpR-DNA complex determined in the presence and absence of the inducer salicylate appeared to be, on the whole, at the lower end of the range for K D values reported for LTTRs. RT-qPCR showed that in the presence of salicylate, efficiency of transcription of the sgpAIKGHB operon increased by three orders of magnitude and reached the highest values so far observed for LTTR-controlled operons, thus holding much promise for further studies of the mechanism of transcriptional regulation that involves SgpR.
INTRODUCTION
The degradation of salicylate is often considered, both biochemical and genetical, together with its high molecular precursor naphthalene. The majority of Pseudomonas spp. genes involved in degradation of naphthalene and salicylate characterized so far are conserved and highly homologous (about 90%) to nah genes of the archetypical plasmid NAH7. They are therefore referred to as 'classical nah-like genes'. They are often organized into two operons. The 'classical' operons of naphthalene and salicylate catabolism are positively controlled by the NahR protein, which belongs to the LysR-type transcriptional regulator (LTTR) family (Schell and Poser 1989) .
Pseudomonas putida strain AK5 was the first characterized natural strain containing the 'classical' nah1 operon and nahR gene along with genes whose products are responsible for a less explored pathway of salicylate degradation through gentisate (the salicylate-gentisate pathway; the sgp operon; Izmalkova et al. 2013) .
The nucleotide sequence of an amplified nahR DNA fragment (540 bp) from P. putida AK5 was found to be 100% identical to the same region of the well-studied naphthalene degradation plasmids pDTG-1 and pND6-1 ( Dennis and Zylstra, 2004; Li et al. 2004 ).
The sgp operon was shown to be preceded by the divergently directed sgpR gene whose products exhibited about 50-57% similarity to the characterized LTTRs of the salicylate (and naphthalene) catabolic pathways from plasmids pDTG1, pND6 and pNAH7 (NahR, salicylate-catechol-TCA cycle), Ralstonia sp. U2 and Polaromonas naphthalenivorans CJ2 (NagR, salicylategentisate-TCA). These comparisons showed that the sequence similarities among the NahR regulators is 91-100%, in contrast to the NagR regulators where the sequence similarities were only 85%.
Currently, the literature offers no mechanism for transcription regulation for the known genes of salicylate degradation. The sal and nah promoters are reported to have the same region between −82 and −47 protected against DNase I by the NahR (pNAH7) regulator of salicylate degradation genes (Schell and Poser 1989) . For NagR regulators, site-specific mutagenesis has demonstrated a certain correlation between a nucleotide sequence within the NahR-protected region and the sequence important for NagR binding (Zhou, Fuenmayor and Williams 2001; Jeon et al. 2006) ; however, the exact binding site has not been identified.
The LTTRs constitute the most abundant type of regulatory proteins in the bacterial kingdom (Maddocks and Oyston, 2008) . They mostly activate transcription of a target operon in the presence of a small-molecule inducer. LTTRs binding with a promoter region have one, two or three operators (Schell and Poser 1989; McFall, Chugani and Chakrabarty 1998; Bundy et al. 2002; Tralau et al. 2003; Maddocks and Oyston, 2008) . Although the data on LTTRs are abundant, so far only one mechanism of transcriptional regulation by LTTRs, the 'sliding dimer' mechanism, has been proposed (Toledano et al. 1994; Wang and Winans, 1995) . According to this mechanism, transcription is activated by LTTRs that bind to DNA at two binding sites. Using the terms introduced by Parsek et al. (1992) , these are called the repression/recognition binding site (RBS) and the activation binding sites (ABS and ABS ). The recent study by Lerche et al. (2016) has reported the generation of a series of models of apo-and holoDntR bound to the benA promoter, each with a total DNA bending angle distributed along the DNA sequence. The authors pointed to a discrepancy between the angles appearing in models implicating the 'sliding dimer' mechanism and those in models allowing for actually observed angles of the promoter-operator regions based on circular permutation experiments; this discrepancy is attributed to underestimation of the circular permutation experiments.
MATERIALS AND METHODS

Bacterial strains, culture media and general DNA manipulation
The Pseudomonas putida strain AK5 containing the plasmid AK5 was used (Izmalkova et al. 2005) . The oligonucleotides used in Filatova, Muzafarov and Zakharova (2014) . All DNA manipulations were performed according to standard procedures (Sambrook, Fritsch and Maniatis 1989) . Restriction enzymes, DNA polymerases and T4 DNA ligase were purchased from New England BioLabs, Inc. Plasmid DNA preparation, DNA purification and RNA isolation kits were purchased from Qiagen and used according to the manufacturer's instructions.
Stoichiometric analysis (Ferguson plot)
The DNA fragment sgp-148f/+58r containing an SgpR binding site was used as a substrate. A saturating concentration of the protein SgpR was used in the binding reaction; together with the substrate, it was incubated in reaction mixture containing Thermo Scientific 1× Tango Buffer and 10% glycerol for 16 min at 25
• C. The samples were analyzed by native PAGE (5, 6, 7, 8, and 9% gel) in 1× TAE buffer. The following proteins were used as molecular mass markers: bovine serum albumin (monomer, molecular mass 66 kDa; dimer, 132 kDa) and urease (trimer, 272 kDa; hexamer, 545 kDa). The retention coefficient was derived from the equation presenting the logarithm of path length as a function of gel percentage for each protein marker and each DNA-protein complex. The molecular mass of the DNA-protein complex under study was determined from the plot of dependence of the retention coefficient on molecular mass of a protein marker (Ferguson, 1964) ; DNA 136 kDa (substrate molecular mass) from this value allowed calculation of the number of SgpR monomers bound to the substrate (each having a molecular mass of about 34.72 kDa).
-RACE
The transcriptional start sites (TSSs) of the sgp operon were determined using a 5 rapid amplification of cDNA ends (RACE) system (Invitrogen, Carlsbad, CA, USA). Total RNA was isolated from the P. putida strain AK5 induced by salicylate. First-strand cDNA was synthesized with the primer sgp+290r (Table 1) by reverse transcription. Template RNA in the cDNA-RNA hybrid was degraded by RNase H (TaKaRa), and the single-stranded RNAs were degraded by RNase T1 (TaKaRa). The cDNA was subsequently purified. Homopolymeric tailing of the cDNA was performed with terminal transferase and dCTP (TaKaRa). The tailed cDNA was then amplified using the abridged anchor primer (AAP) and primer sgp+290r. Finally, this PCR product was used as a template for a nested PCR with AAP and primer sgp+290r and then cloned into pAL-TA (Evrogen) for sequencing.
DNase I footprinting assay
Synthetic oligonucleotides, separately the top and bottom strand of a DNA fragment (Table 1) , were radioactively labeled using T4 polynucleotide kinase, followed by removal of non-inserted components from the fragments by PAGE as described (Protsenko et al. 2009 ). SgpR (300 nM) and DNA fragment (300 nM) were mixed in 10 μl buffer (20 mM Tris-HCl, pH 8.0, 100 mM MgCl 2 , 0.1 mM EDTA, 1 mM DTT, 50 mg BSA, 5% glycerol) and incubated for 10 min at 37
• C. Then each reaction mixture was supplemented with 2 units of DNase I (Worthington) and incubated for 30 s at 37
• C. The control mixture contained no SgpR. The reactions were stopped by adding the equal volume of formamide. The A+G reaction was performed as described in Sambrook, Fritsch and Maniatis (1989) . Cleavage products were separated electrophoretically using 10% SDS-PAGE, followed by autoradiography.
Electrophoretic mobility shift assay
The P. putida AK5 plasmid DNA with specific 5 (6) 
Fluorescence anisotropy
Fluorescence anisotropy (r) was calculated from the formula: r = (I parallel − GI perpendicular )/(I parallel + 2GI perpendicular ), where I parallel is fluorescence intensity at parallel orientation of the registering polarizer, I perpendicular is fluorescence intensity at perpendicular orientation of the registering polarizer, and G is the ratio of detecting system sensitivities for vertically and horizontally polarized light. The G-factor was determined using 0.1 μM. fluorescein solution in the reaction buffer and amounted to 1.6713. The affinity of SgpR for FAM-labeled DNA ( 
RT-qPCR
Total RNA was extracted using an RNeasy Mini Kit (Qiagen). One microgram of total RNA was used for cDNA synthesis with specific primers using a RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) according to the manufacturer's instructions. Real-time PCR was carried out using a DTlite Real-Time PCR System (DNA-Technology). The thermal cycling conditions consisted of an initial denaturation step at 95
• C for 5 min, 40 cycles at 95
• C for 20 s, 60
• C for 20 s and 72
• C for 5 s. Reactions were run in triplicate in three independent experiments. The geometric mean of the PCR efficiency for corrected relative sample quantities was used to normalize the relative sample quantities to the housekeeping gene 16S rRNA. The expression data were analyzed using the level of transcription of sgpR and sgpA promoters derived from crossing point (C p ) values. The primer sequences are provided in Table 1 .
Bioinformatics and genome sequencing
Imperfect palindromic sequences containing the LTTR binding consensus motif (T-N 11 -A) were analyzed with the online European Molecular Biology Open Software Suite (EMBOSS). The sgpR promoter regions −10 and −35 were determined using the online software BProm from SoftBerry.
NCBI GenBank accession number
The nucleotide sequence sgpR and the intergenic regions between sgpR and sgpA have been deposited in GenBank under accession no. FJ859895 (Izmalkova et al. 2013) .
RESULTS
Localization of sgp operon transcription start and SgpR binding site
The transcription start site (TSS) was localized using 5 -RACE-PCR, which allowed the identification of the 5 -end of the sgp operon mRNA under salicylate induction conditions (Fig. 1A) .
Relative to the TSS, the A bases of the ATG start codon of the sgp operon were located at positions +47. Identification of the +1 position suggested localization of the −10 and −35 boxes of the sgp operon promoter (P sgp-operon ). The structure of the putative −10 box was TAGTCT, and that of the putative −35 box was TCTGCA; they were separated by a 16-bp spacer and exhibited a low homology with the consensus motif, thereby indicating that additional regulatory factors are presumably required. The sgpR gene promoter was calculated bioinformatically (Fig. 1B) . DNase I footprinting was used to localize the DNA region protected by the protein SgpR against cleavage by DNase I (Fig. 1C) . SgpR protects P sgp-operon in several regions: from −75 to −50 and from −43 to −24 of the top strand; and from −83 to −56, from −50 to −45, and from −41 to −26 of the bottom strand (Fig. 1C, lanes 6 and 3) . A region located upstream of the −35 element of the sgp operon promoter harbored the degenerate 21-bp palindrome GATATNA-N 7 -TNATATC centered at a position near −67 that contains the LTTR binding consensus motif T-N 11 -A (Fig. 1B) . Presumably, this is the RBS. A second protein-binding sequence overlapping the −35 element, the putative ABS, was found to contain no consensus motif. The DNA top strand harbored a hypersensitive region indicating that the SgpR protein probably induces a bend on the DNA (Fig. 1C, lane 6) .
Positioning of the sgpR product binding sites (Fig. 1C , lanes 3 and 6), including the one overlapping the sgp operon promoter −35 box (Fig. 1C, lane 6) , provided evidence for involvement of the protein SgpR in regulation of transcription of the salicylate degradation operon sgpAIKGHB.
Determination of stoichiometry and equilibrium dissociation constant of the DNA-protein complex
Stoichiomentry of the DNA-protein complex was determined using the Ferguson method, which allows assessment of the complex molecular mass from changes in its mobility and mobility of native protein markers in native gels containing 5, 6, 7, 8 and 9% polyacrylamide (Fig. 2) . It was found that the molecular mass of the P sgp-operon -SgpR complex was 285 kDa. The known value of the DNA fragment molecular mass and that of monomeric SgpR enabled it to be found that 4 molecules of the monomeric protein bind to 1 substrate molecule. The electrophoregram showed that a complex of only one type was formed. The fact that SgpR interacting with this fragment of the sgp operon promoter is tetrameric suggests that in solution SgpR forms a tetramer.
Electrophoretic mobility shift assay (EMSA) experiments (Fig. 3A-C) included a set of binding reactions between DNA at a fixed concentration of 2.27 nM and SgpR at a concentration ranging from 0 to 200 nM. A fragment of the sgp operon intergenic region between −148 and +58 bp was used as the protein substrate. The binding curve plotted as percentage of the formed complex versus SgpR concentration is best described by the Hill equation (n = 1). In the absence of inducer, K D for P sgp-operon -SgpR was 7.1 ± 0.3 nM. With sodium salicylate present in the reaction mixture, K D for P sgp-operon -SgpR appeared to be 3.71 ± 0.18 nM. The value of K D of this complex in solution was determined (Ferguson plot) analysis. Protein standards and SgpR bound to a 136-bp DNA were run on a series of gels with different polyacrylamide concentrations. Isolated lanes from electrophoretic mobility shift assay gels show the change in mobility of the native protein marker and protein-DNA complexes in gels that differ solely in acrylamide concentration (gels 5-9%). Native protein marker and protein-DNA complexes are indicated by arrowheads. The relative mobility (R f ) of each species was calculated as the ratio of mobility to the mobility of bromophenol blue and a derived value, 100 × [log(R f × 100)], was plotted as a function of acrylamide concentration (data not shown). The slopes of the lines generated were determined by linear regression analysis and plotted as a function of the molecular mass to generate the calibration curve (Ferguson plot) . Data points: 1, bovine serum albumin monomer (66 kDa); 2, bovine serum albumin dimer (132 kDa); 3, urease from Canavalia ensiformis (Jack bean) trimer (272 kDa); 4, urease from C. ensiformis hexamer (545 kDa); X, SgpR-DNA complex; R f (x), the relative mobility of the SgpR-DNA complex; M(x), the molecular mass of the SgpR-DNA complex. using fluorescence anisotropy. Calculations showed that in the absence of salicylate, K D was 1.61 ± 0.04 nM, while in its presence the value was 0.78 ± 0.03 nM (Fig. 3D) .
The EMSA and fluorescence anisotropy results demonstrated a minor K D decrease in the presence of inducer, which may be explained by increased stability of the P sgp-operon -SgpR-salicylate complex as compared with P sgp-operon -SgpR. The K D value of the P sgp-operon -SgpR complex belongs at the lower end of the range of values known for LTTRs (Park, Lim and Shin 2005) .
The cooperative binding propensity of the transcription factor SgpR was probed using equal-in-length RBS-or ABS-deficient DNA fragments (RBS + ABS − , RBS − ABS + and RBS + ABS + ), which allowed assessment of changes in their mobility occurring upon their interaction with the regulatory protein ( Fig. 3E and F) . In the case of deletion of one of these sites, the modified DNA fragment stopped abruptly at the deleted site, although Parsek et al. (1992) reported that a polylinker was substituted for the deleted site. Deletion of the ABS produced virtually no effect on K D of SgpR-Psgp, and the stoichiometry of the formed complex also remained unchanged (the DNA fragment interacted with a tetramer). The RBS was the key site for SgpR binding, and its deletion resulted in complete inability of the DNA fragment to form a complex with SgpR. The data reported here are consistent with those obtained for other LTTRs. We speculate that SgpR binding to the RBS is independent of the presence of the ABS site.
The effect of sodium salicylate on transcription from sgpAIKGHB and sgpR promoters RT-qPCR was used to determine the level of total transcription from the sgpAIKGHB and sgpR operons. For this purpose, total RNA was isolated from P. putida AK5 cells both in the presence and in the absence of sodium salicylate.
The obtained results indicate that in the absence of salicylate both promoters were transcriptionally active, but activity of the sgpR promoter was ∼35 times higher than that of the sgp operon promoter ((324 ± 22) × 10 −6 and (9.0 ± 0.8) × 10 −6 , respectively).
With sodium salicylate added to the reaction mixture, the level of transcription from the sgpR promoter was slightly decreased, which possibly resulted from increased stability of the SgpR-P sgp-operon complex ((324 ± 22) × 10 −6 and (221 ± 51) × 10 −6 , respectively). Also, activity of the sgpA gene promoter appeared to be ∼630 times higher, which currently is the highest value reported for LTTR-controlled operons ((9.0 ± 0.8) × 10
and (5710 ± 114) × 10 −6 , respectively).
DISCUSSION
In previous publications it has been shown that the regulatory region of LTTR-controlled operons contains one, two or three operators. The DNA footprinting data suggest a mechanism of transcriptional activation by LTTRs interacting with two DNA binding sites (the 'sliding dimer' mechanism) (Porrúa et al. 2007; Maddocks and Oyston, 2008) . The basic elements of this mechanism are the RBS and the ABS. In the sequence of previously studied regulators, the RBS is frequently positioned at −65 in reference to the +1 position of the activated operon and harbors the LTTR binding consensus motif T-N 11 -A within an imperfect 15-bp palindrome. The ABS, which contains no conserved recognition motif, is located between the RBS and the activated promoter and frequently appears to overlap the −35 element (Tropel and van der Meer, 2004; Maddocks and Oyston, 2008; Lerche et al. 2016) . According to this mechanism, in the presence of inducer, the ABS-bound dimeric LTTR shifts towards the RBS-bound dimer, thereby releasing the −35 region of the target operon promoter; this, in turn, results in DNA bend relaxation, LTTR interaction with the α-subunit of RNA polymerase and transcription activation (Chugani, Parsek and Chakrabarty 1998; Park et al, 2002) . SgpR protects P sgp-operon against DNase I over two regions (Fig. 1B and C) . One of them, which is located upstream of the −35 element of the sgp operon promoter, presumably harbors the SgpR RBS, which was identified as an imperfect 21-bp palindrome GATATNA-N 7 -TNATATC centered around position −67 and including the LTTR binding consensus motif T-N 11 -A. No such motif was detected in the putative ABS. Therefore, the reported results suggest that sgp operon transcriptional regulation can be performed by the 'sliding dimer' mechanism. In conditions of induction by sodium salicylate, efficiency of sgp operon transcription increases by ∼630-fold, which is a rather high value. For other LTTRs, increases in mRNA amount were reported that ranged from 2-to 200-fold (Fujihara et al. 2006; Trefault et al. 2009; Oliveira and Nicholson 2013; Bina et al. 2013; Rehan et al. 2014) . Therefore, the sgp operon can serve as a good model for elucidating novel aspects of the regulatory mechanism implicating LTTRs, and the obtained new data may be helpful in modification of bacterial sensors where a transcriptional regulator acts as the recognition element, and in development of recombinant strains aimed at degradation of a variety of aromatics.
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